Introduction {#Sec1}
============

Since the first report in December 2019, the novel coronavirus, Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), has emerged in many parts of the world (Wang et al. [@CR38]). At the time of writing July 29, 2020), there have been over 16.5 million confirmed cases around the globe (WHO [@CR39]). While the numbers of SARS-CoV-2 infection and mortality continue to increase, many countries and regions are reopening their economy on the back of a fragile recovery. Recently, airborne spread has been postulated as an important route of transmission in enclosed public spaces, which could lead to clustered infections with short periods of exposure (Morawskaa and Cao [@CR24]). However, to this date, scientific communities and regulatory bodies have not made investigations on this particular transmission route a priority with policies and guidelines to mitigate risks in indoor environments (Lewis [@CR20]). On July 6, 2020, in an open commentary, 239 scientists from 32 countries called for action from the World Health Organization (WHO) to update information on the airborne transmission of COVID-19 (Morawskaa and Milton [@CR25]). A scientific brief was subsequently released by the agency, recognizing the urgency of this matter while outlining up-to-date evidence and knowledge gaps on this particular transmission route (WHO [@CR40]).

Various researchers indicated that airborne particles could play an important role in the transmission of respiratory pathogens (Lindsley et al. [@CR21]; Qu et al. [@CR26]; Riccò et al. [@CR27]). Recent studies showed that SARS-CoV-2 could survive and remain infectious for hours to several days after being adsorbed on aerosols or deposited on surfaces (van Doremalen et al. [@CR8]; Fears et al. [@CR10]; Sharma et al. [@CR32]). Recently, Setti et al. ([@CR31]) found that SARS-CoV-2 present on particulate matter showed increased persistence by forming clusters. In two retrospective studies, Zhu et al. ([@CR43]) and Fattorini and Regoli ([@CR9]) identified strong positive correlations between short-term and long-term particulate matter (PM2.5 and PM10) concentrations versus the daily confirmed cases of SARS-CoV-2 infection, respectively. These findings were consistent with the earlier conclusion that both long-term and short-term exposures to elevated levels of air pollutants were closely correlated with higher infection rates by respiratory pathogens (Riccò et al. [@CR27]).

It is noteworthy that recent studies and discussions have invariably focused on the correlations between outdoor atmospheric pollutants and SARS-CoV-2 infection (Conticini et al. [@CR5]; Domingo and Rovira [@CR7]; Fattorini and Regoli [@CR9]), while the impact of indoor air pollutants on the transmission of SARS-CoV-2, especially in enclosed public spaces such as building and offices, has been widely neglected (Lewis [@CR20]). Various researchers postulated that indoor particulate matter emitted by activities such as tobacco smoking and incense burning could facilitate the transmission of SARS-CoV-2 in indoor environments (Amoatey et al. [@CR2]; Mahabee-Gittens et al. [@CR22]). In fact, many studies have shown that emissions from office equipment constitute a major source of indoor air pollutants (Destaillats et al. [@CR6]). A survey in 62 German offices found that concentrations of particulate matter ranged from 19.1 to 231 μg m^−3^ during their normal working hours (Tang et al. [@CR35]). In a comprehensive review, Destaillats et al. ([@CR6]) showed that office equipment (i.e., printers, copy machines, computers, and other electronic devices) was a significant source of volatile and semivolatile organic chemicals, ozone, and particulate matter in indoor spaces including offices, schools, and residences. Zhang et al. ([@CR44]) identified the common contributors of PM2.5 in typical work environments including office machines, air conditioners, photocopiers, and printers, where emissions from printing and tobacco smoking were found to be the most significant sources.

Laser printers were found to be the main source of particulate matter in office buildings where tobacco smoking is prohibited (He et al. [@CR12]). Air monitoring data in a 120 m^2^ office in the central business district of Brisbane showed the highest indoor particle concentration of 38.2 × 10^3^ particles cm^−3^ with printers operating, which was several times higher than the average ((6.5 ± 8.2) × 10^3^ particles cm^−3^) recorded during other periods (He et al. [@CR12]). The significant quantities of particulate matter emitted by laser printers could render effects on the airborne transmission of pathogens in indoor spaces, for instance, by facilitating their diffusion and acting as vectors as those identified on outdoor atmospheric particulates. Here, we review the recent knowledge on the characteristics of particle emissions from laser printers by focusing on their emission rates, quantities, and electrostatic charges. Where applicable, comparisons were made with other common sources of particle emissions found in indoor air. Further, we assessed the potential implications of printer emissions on airborne transmission of pathogens by highlighting existing data and evidence on: (1) enhanced adsorption of pathogens on charged surfaces and particles; (2) increased deposition of charged particles in human airways; and (3) localized particle emission by laser printers in relation to the human breathing zone.

Particle emission from laser printing {#Sec2}
-------------------------------------

The root cause of particle emission by laser printers is the incomplete material transfer between charged toner drum and paper surface (Lee et al. [@CR19]). Typically, about 75% of toner materials are transferred effectively to the photoconductive drum, and what does not adhere to the drum becomes available for emission to air (Lee et al. [@CR19]). Figure [1](#Fig1){ref-type="fig"} summarizes data from chamber experiments on particle emission rates by laser printing, in comparison with those generated by tobacco smoking and incense burning (Chen et al. [@CR4]; He et al. [@CR12], [@CR13]; Salthammer et al. [@CR29]; Scungio et al. [@CR30]; Sung et al [@CR34]; Wallace and Ott [@CR37]; Wu et al. [@CR41]). The data demonstrate that particle emission rates from laser printers widely differed in studies, and even data reported in the same study under the same settings could differ by more than two orders of magnitudes. For instance, Scungio et al. ([@CR30]) found that emission rates ranged between 3.4 × 10^8^ and 1.6 × 10^12^ particles min^−1^ from different laser printers (*n* = 110) when printing 50 pages with a monochromatic toner coverage (5%) on each page. He et al. ([@CR13]) also demonstrated that emission rates from 30 laser printers ranged from (4.25 ± 2.10) × 10^9^ to (3.3 ± 0.64) × 10^12^ particles min^−1^ using a 5% monochromatic toner coverage on each page. Differences in laser printers in terms of their particle emission level may be the main cause of the wide disparity in the reported data. To demonstrate this, He et al. ([@CR12]) measured the particle concentration after each printer printed one page and compared it with the background concentration in each office environment where the printer was located and ranked those printers into four different classes based on the calculated concentration ratios. The study found that about 60%, 13%, and 27% of the tested printers (*n* = 62) were non-emitters (ratios \< 1), low (ratios = 1--5) and median (ratios = 5--10) emitters, and high emitters (ratio \> 10), respectively.Fig. 1Bar graphs comparing particle emission rates from laser printing, tobacco smoking, and incense burning. Data were compiled from published studies with citations given below data bars. For laser printing, studies 1--3 used monochrome printing with a toner coverage of 5%, while studies 4 and 5 additionally used color printing with a toner coverage of 20%. All data were obtained by chamber experiments except study 6 which reported data from field measurements. Emission rates from laser printing differed widely, partly because of differences in emission levels by different laser printers. It is also evident that particles emitted by laser printers could reach comparable rates to those generated by indoor incense burning and tobacco smoking

By further comparing particle emission rates by different indoor human activities, it is evident that particles emitted from laser printers could reach comparable levels to those generated by indoor incense burning, which could range between (0.08 ± 0.01) × 10^11^ and (0.99 ± 0.08) × 10^11^ particles min^−1^, with a mean emission rate of (0.44 ± 0.33) × 10^10^ particles min^−1^ from five types of incense (Wu et al. [@CR41]). Notably, the upper bands of particle emission rates from laser printers are similar to those typically reported on indoor tobacco smoking, which were found to be in the range of (3.01 ± 0.29) × 10^11^ to 4.27 × 10^12^ particles min^−1^ depending on the method used for collecting the exhaled smoke (Chen et al. [@CR4]; Wallace and Ott [@CR37]; Wu et al. [@CR41]).

In a field study, Lee and Hsu ([@CR18]) reported that indoor PM2.5 concentrations at 12 photocopy centers in Taiwan increased by as much as 10--83 µg m^−3^ during their operating hours compared with levels measured before operation Tang et al. ([@CR35]) reported that about 70% of the offices they surveyed in Germany (*n* = 63) showed significant increases in levels of indoor particulate matter (0.23--20 µm) after laser printing, where their median indoor PM2.5 concentration increased by 12 µg m^−3^ after printing 500 pages under normal settings. Once released to air, these fine particles could remain airborne for hours in an undisturbed indoor environment. Shi et al. ([@CR33]) found that particle concentrations attenuated very slowly in a 1.0 m^3^ chamber after printing ended, requiring 2.5 h to attain a tenfold decrease from 10^5^ to 10^4^ particles cm^−3^. These findings indicate that fine particles emitted by laser printers can remain airborne for prolonged periods and accumulate over time to reach significant levels in indoor air.

Recently, Zhu et al. ([@CR43]) used the Generalized Additive Model with a Gaussian distribution family to study the cumulative lag effect of ambient air pollutants on SARS-CoV-2 infection (Fig. [2](#Fig2){ref-type="fig"}). The retrospective analysis identified significant positive correlations between moving-average concentrations of air pollutants, including particulate matter (PM2.5 and PM10), and normalized daily confirmed cases of SARS-CoV-2 infections in 120 cities in China between January 23, 2020, and February 29, 2020 (Zhu et al. [@CR43]). In the same vein, Fattorini and Regoli ([@CR9]) revealed that long-term air quality data on PM2.5 significantly correlated with cases of SARS-CoV-2 in 71 Italian provinces, providing further evidence that atmospheric particulate matter presented a favorable medium for SARS-CoV-2 transmission in the environment. The existing evidence leads to the postulation that the significant quantities of fine particles emitted by laser printers may lead to similar effects in indoor environments, especially in enclosed public spaces with high user occupancy such as offices, schools, libraries, and information commons.Fig. 2Correlation between percentage change (%) in daily COVID-19 confirmed cases per unit increase in pollutant concentration in 120 Chinese cities between January 23, 2020, and February 29, 2020. Unit increase is defined as 10 μg/m^3^ for particulate matter (PM2.5 and PM10), SO~2~, NO~2~, and O~3~, or 1.0 mg/m^3^ for CO. Lag0-n denotes the (*n* + 1)-day moving average of air pollutant concentrations to capture the cumulative lag effect of air pollution on COVID-19 infection. Significantly positive associations were observed on PM2.5, PM10, CO, NO~2~, and O~3~ concentrations with normalized confirmed cases of COVID-19.Reprinted with permission of Elsevier from Zhu et al. ([@CR43])

Enhanced surface adsorption and particle deposition of charged particles {#Sec3}
------------------------------------------------------------------------

One unique characteristic of particles emitted by laser printers is that they carry substantial amounts of electrostatic charges that could also persist in air. Particles released from laser printer are generally charged by the diffusion charging mechanism of corona devices installed in these printers (Lee and Hsu [@CR18]). Jiang and Lu ([@CR15]) found that the average surface charge of particles emitted from laser printers is in the range of 4.16 × 10^−17^--6.07 × 10^−17^ C (∼260--379 e). Jayaratne et al. ([@CR14]) monitored the temporal variation of charged particle concentrations in laser printer emissions. The study found that about 60% of the initial charges remained on those particles after being released into the indoor atmosphere for ten minutes. It is noteworthy that contemporarily designed face masks and particulate respirators also rely on electrostatic charges to capture small droplets and particles in air. These electret filters, mostly constructed by polypropylene microfibers with electrostatic charges, attract particulates passing by via Coulombic attraction and dielectrophoresis (Romay et al. [@CR28]). Allen et al. ([@CR1]) found that airborne microorganisms could be easily attracted and adhered on charged surfaces via electrostatic interactions. The study found that 82.6% more viable bacteria were deposited onto polyethylene plastic aprons with electrostatic charges loaded on surfaces, compared with an increase of only 16.7% on conducting aluminum foil aprons under same conditions. Górny et al. ([@CR11]) reported that fibrous aerosols with electrostatic charges were able to transport up to 160 viable microorganisms per fiber in both dry and humid air, at a relative humidity below 30% and above 60%, respectively. Virus-laden aerosols, droplets, and droplet nuclei may be attracted to charged particles emitted from laser printers via similar mechanisms.

Electrostatic charges on particles also have a significant impact on their deposition in lungs (Koullapis et al. [@CR17]). For charged fine particles, enhanced particle deposition takes place in lungs via two processes including the space charge effects and image charge forces (Majid et al. [@CR23]). Large eddy simulations were used to investigate the deposition of inhaled fine particles in a realistic geometry of human airways reconstructed from computed tomography (CT) scans (Koullapis et al. [@CR17]). Figure [3](#Fig3){ref-type="fig"} illustrates the fractions of particle deposition at mouth--throat, trachea, left lung, right lung, and the overall deposition obtained in their study at an inhalation flow rate of 15.2 L min^−1^. The deposition of charged particles with intermediate sizes (0.5 and 1.0 μm) followed similar trends to these shown in Fig. [3](#Fig3){ref-type="fig"}. Notably, the study found that the deposition fraction of small particles (0.1--2.5 μm) carrying 1000 elementary charges in human airways is about 1.5--7.0 times greater than those of the same size and without electrical charges. Voliotis et al. ([@CR36]) modeled the deposition of electrostatic fine particles emitted from printers in the human respiratory tract using stochastic lung models, by applying the typical breathing conditions of an adult male under light exercise activities. The study estimated that average deposition rates were generally higher than 2.0 × 10^7^ particles min^−1^ in human lungs, and maximum deposition density was observed at the lobar bronchi at 1.5 × 10^8^ particles cm^−2^. In a recent viewpoint article, Qu et al. ([@CR26]) pointed out that inhaling virus-carrying fine particles could transport these into the deeper alveolar and tracheobronchial regions, which could increase the likelihood of viral infection. Since particles emitted from laser printers carry substantial electrostatic charges from the printing process (Jayaratne et al. [@CR14]), a further question arises as to whether these charged fine particles have higher deposition rates in lungs than electrically neutral particulate matter and thereby increase the chance of virus transmission, once they become the airborne carriers of SARS-CoV-2.Fig. 3Influence of electrostatic charges on particle deposition with different charge levels in silico models of human airways, including mouth--throat, tracheal, left lung, right lung, and overall deposition, at an inhalation rate of 15.2 L min^−1^. Data suggest that electrostatic charges on particles significantly enhance their deposition in human airways, including lungs. The deposition of small particles carrying elementary charges is several times greater than those of the same size without electrical charges.Reprinted with permission of Elsevier from Koullapis et al. ([@CR17])

Localized emission and particle distribution in relation to the human breathing zone {#Sec4}
------------------------------------------------------------------------------------

As point sources, laser printers generate localized emissions with dramatically higher particle concentrations often at spots that are in close proximity to the user's mouth and nose. Kagi et al. ([@CR16]) measured particle concentrations around a desktop printer and identified the highest concentration of emitted particles at \~ 0.4 m above the printer. When a user is in presence, the elevated body temperature creates thermal plume flows, drawing particles from ambient air toward the body in presence. Ansaripour et al. ([@CR3]) modeled the distribution of printer emission particles in the breathing zone of a manikin which was placed in proximity to a laser printer (0.4 m away from and 0.4 m above) in a ventilated room. Figure [4](#Fig4){ref-type="fig"} compares the temporal profiles of particle concentrations measured around the heated and unheated manikin with a displacement ventilation system operating in the cubicle. The study found that the average particle concentration was six times higher in the breathing zone of the heated manikin (32.2 °C) compared with the unheated one three minutes after the printing began. The proximity of these particles to the human breathing zone increases their likelihood of contact with respiratory pathogens in the exhaled breath of users. During the early outbreak in Wuhan, China, Ye et al. ([@CR42]) detected the presence of SARS-CoV-2 on items commonly used in healthcare premises at the Zhongnan Hospital, where printers were identified as the most frequently contaminated object. Given that laser printers are used extensively in offices, schools, libraries, and information commons, often as shared facilities with frequent contact by different users, such pattern of use and their localized particle emission near the human breathing zone greatly increase the chance of contact between the viruses and particles emitted by laser printers (Fig. [5](#Fig5){ref-type="fig"}).Fig. 4Temporal distribution profiles of particles emitted from a desktop laser printer near a heated (32.2 °C) and an unheated human manikin in a modelled room with a displacement ventilation system operating at an inlet velocity of 0.2 m s^−1^. Note the significantly higher particle concentrations in the breathing zone of the heated manikin compared with the unheated one after printing began.Reprinted with permission of Elsevier from Ansaripour et al. ([@CR3])Fig. 5A schematic illustration of charged particles emitted from laser printers as vectors for the airborne transmission of respiratory viruses in office environments. Laser printers are a main source of particulate matter in indoor air. These fine particles carry electrostatic charges and can remain airborne for long periods in the indoor atmosphere. Localized emissions create hot spots with high particle concentrations in proximity to user's mouth and nose. Frequent contact by different users in public spaces increases the likelihood of contact between viruses in human breath and particles emitted from laser printers

Conclusion {#Sec5}
==========

Electrostatic fine particles emitted from laser printers present a neglected risk factor on the airborne transmission of SARS-CoV-2 in indoor environments during the current pandemic. Laser printers have long been identified as a primary source of particle emissions in indoor spaces, particularly in office buildings where tobacco smoking is prohibited. Depending on the printer model and usage, large quantities of electrostatic fine particles can be emitted during laser printing, some at comparable rates generated by indoor incense burning and smoking. Once released to air, these fine particles can stay airborne for prolonged periods with very slow attenuation in calm indoor air and accumulate over time to reach significant levels. Electrostatic charges carried on these fine particles can enhance the adsorption of airborne pathogens on their surfaces as well as their own deposition in human lungs. Further, the localized particle emissions near the human breathing zone increase their chance of contact with respiratory pathogens in exhaled human breath, rendering them as potential vectors for the airborne transmission of SARS-CoV-2 in public spaces with laser printers operating. To mitigate the associated risks, we recommend that laser printers should be placed in separate, ventilated rooms while being kept away from people in enclosed public spaces. Where possible, paperless working should be encouraged to minimize printer emission and human--printer contact.
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